The myristoylated alanine-rich protein kinase C substrate (MARCKS) is a major protein kinase C (PKC) substrate in many different cell types. MARCKS is bound to the plasma membrane, and several recent studies suggest that this binding requires both hydrophobic insertion of its myristate chain into the bilayer and electrostatic interaction of its cluster of basic residues with acidic lipids. Phosphorylation of MARCKS by PKC introduces negative charges into the basic cluster, reducing its electrostatic interaction with acidic lipids and producing translocation of MARCKS from membrane to cytoplasm. The present study shows that physiological concentrations of MARCKS (<10 M) inhibit phospholipase C (PLC)-catalyzed hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) in phospholipid vesicles. A peptide corresponding to the basic cluster, MARCKS-(151-175), produces a similar inhibition, which was observed with both PLC-␦ 1 and -␤ 1 . Direct fluorescence microscopy observations demonstrate that the MARCKS peptide forms lateral domains enriched in the acidic lipids phosphatidylserine and PIP 2 but not PLC, which accounts for the observed inhibition of PIP 2 hydrolysis. Phosphorylation of MARCKS(151-175) by PKC releases the inhibition and allows PLC to produce a burst of inositol 1,4,5-trisphosphate and diacylglycerol.
Stimulation of the calcium/phospholipid second messenger system activates protein kinase C (PKC) 1 (for reviews see Refs. 1 and 2). The major PKC substrate in many cell types is the myristoylated alanine-rich protein kinase C substrate or MARCKS protein (for reviews see Refs. 3 and 4) . MARCKS can cross-link actin, bind calcium-calmodulin, and adsorb to membranes; these three processes can be inhibited by PKC-catalyzed phosphorylation of MARCKS. Although the specific cel-lular function(s) of MARCKS is not known, several experiments suggest it is involved in phagocytosis, secretion, and/or membrane recycling. For example, MARCKS has a punctate distribution in the plasma membranes of macrophages, where it is localized in nascent phagosomes (5, 6) ; it is highly concentrated in presynaptic terminals (7) ; and it cycles between the plasma membrane and lysosomes in fibroblasts (8) . An understanding of the interaction of MARCKS with the phospholipid bilayer component of a biological membrane should provide information about how it may function in phagocytosis and secretion.
Binding of MARCKS to the plasma membrane requires both hydrophobic insertion of its myristate chain into the bilayer and electrostatic interaction of the cluster of basic residues in its effector domain with acidic lipids (9 -12) . Phosphorylation of MARCKS by PKC introduces negative charges into the basic cluster, reducing its electrostatic interaction with acidic lipids; in many cell types this produces translocation of MARCKS from membrane to cytoplasm by a mechanism that has been termed the myristoyl-electrostatic switch (13, 14) . Calciumcalmodulin binds with high affinity to the basic effector region of MARCKS, which also produces translocation of the protein from membranes (11, 12) .
We report here that physiological concentrations of MARCKS (Ͻ10 M) or a peptide corresponding to its basic domain, MARCKS(151-175), inhibit phospholipase C (PLC)catalyzed hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) in phospholipid vesicles by sequestering PIP 2 but not PLC into lateral domains. The domains were visualized directly by fluorescence digital imaging microscopy. Phosphorylation of MARCKS(151-175) by PKC releases the inhibition and allows PLC to produce a burst of inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). The addition of calcium-calmodulin produces a similar burst of IP 3 . We discuss the potential relevance of these results to phagocytosis in macrophages.
EXPERIMENTAL PROCEDURES
Phospholipids-The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (PS) were obtained from Avanti Polar Lipids (Alabaster, AL). These lipids were used for the PIP 2 hydrolysis experiments illustrated in Figs. 1-3. The lipids dioleoyl-sn-glycero-3-phosphocholine, dioleoyl-sn-glycero-3phosphoserine, and NBD-PS, also obtained from Avanti, were used for the fluorescence microscopy experiments illustrated in Fig. 4 . The ammonium salt of PIP 2 was obtained from Calbiochem (San Diego, CA) or Boehringer Mannheim; tritiated PIP 2 was from DuPont NEN (Scheme 1).
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** To whom correspondence should be addressed: Dept. of Physiology & Biophysics, HSC, SUNY, Stony Brook, NY 11794-8661. Tel.: 516-444-3615; Fax: 516-444-3432; E-mail: smcl@epo.som.sunysb.edu. 1 The abbreviations used are: PKC, protein kinase C; MARCKS, myristoylated alanine-rich C kinase substrate; PIP 2 , phosphatidylinositol 4,5-bisphosphate; PS, phosphatidylserine; PLC, phosphoinositidespecific phospholipase C; IP 3 , inositol 1,4,5-trisphosphate; DAG, diacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; LUV, large unilamellar vesicle; MOPS, 3-(N-morpholino)-propane sulfonic acid; NBD, 12-(N-methyl-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)). scribed in detail elsewhere (15) . In brief, 4,5-di-O-phosphoryl-D-myoinositol 1-O-(6Јaminohexanoyl)-2-stearoyl-sn-glycerol phosphate tetrasodium salt (7 mg) in 1.2 ml of 0.25 M tetraethylammonium bicarbonate (TEAB) buffer was treated with 5 mg of NBD-aminocaproic N-hydroxysuccinimide ester (Pierce) in 400 l of dimethylformamide, stirred overnight at room temperature, and lyophilized, and the residue was washed with acetone to remove reagent. Crude NBD-PIP 2 was dissolved in water and purified on DEAE-cellulose (NaHCO 3 form) by elution with a step gradient of 0.1-1.0 M of TEAB followed by 1.3 M TEAB, in which the NBD-PIP 2 eluted (78% yield). The molecular weight, determined by matrix-assisted laser desorption ionization mass spectrometry, was 1151, which agreed well with the value calculated for the free acid, 1148.
Vesicles-The large unilamellar vesicles (LUVs) used for the membrane binding experiments with PLC and the PIP 2 hydrolysis experiments shown in Figs. 1-3 were prepared by extrusion as described elsewhere (16, 17) .
MARCKS and MARCKS Peptides-MARCKS protein was purified from murine brain as described in Li and Aderem (18) . MARCKS(151-175) peptide, sequence KKKKKRFSFKKSFKLSGFSFKKNKK, was synthesized by Multiple Peptide Systems (San Diego, CA) and was Ͼ95% pure as determined by high pressure liquid chromatography and mass spectrographic analysis. The fluorescent MARCKS peptide used for the fluorescence microscopy experiments illustrated in Fig. 4 , sequence CKKKKKRFSFKKSFKLSGFSFKKNKW, was labeled with acrylodan on the single Cys residue (19) .
PLC-PLC-␤ 1 was purified from bovine brain using the method of Rhee et al. (20) ; we substituted chromatography on a Phenyl Superose HR 5/5 column for their final step. We also performed some experiments with recombinant PLC-␤ 1 , which was obtained as described elsewhere. 2 The results obtained with recombinant PLC-␤ 1 agreed qualitatively with the results obtained with the native protein. Fluorescent PLC-␤ 1 was obtained by labeling recombinant PLC-␤ 1 nonspecifically with acrylodan to a level of about 1 acrylodan per PLC. 2 Recombinant human PLC-␦ 1 was expressed and purified from Escherichia coli as described elsewhere. 3 PKC-Protein kinase C-␤II was a generous gift from Alexandra Newton. It was produced using a baculovirus expression system and was purified to homogeneity as described by Orr et al. (21) .
Monolayer Experiments-We used an apparatus designed by Fromherz (22) to study the penetration of MARCKS(151-175) into phospho-lipid monolayers. This apparatus uses a Wilhemy plate to monitor the surface pressure of the monolayer and has a feedback circuit that increases the area of the monolayer to maintain a constant surface pressure as an adsorbing solute penetrates the monolayer. Dibucaine (23) , signal peptides (24), substance P antagonists (25) , myristic acid, and short chain phospholipids (26) , which all should penetrate the monolayer, produce an increase in area. Lys 5 , which does not penetrate the polar head group region when it adsorbs to a bilayer vesicle, does not increase the monolayer area (16) .
Fluorescence Digital Imaging Microscopy Measurements-The instrumentation and experimental approach have been described in detail in Yang and Glaser (19) .
Binding Measurements-We used two different techniques to measure the effect of MARCKS(151-175) on the binding of PLC-␤ 1 to phospholipid vesicles. The sucrose-loaded vesicle technique, described in detail elsewhere (16, 17, 27) , uses LUVs loaded with sucrose to increase their density, which are then are centrifuged in a solution containing PLC. The concentrations of PLC in the supernatant and the pellet are determined by measuring the rate at which the PLC hydrolyzes PIP 2 in micelles. We also measured the increase in fluorescence that occurs when acrylodan-labeled PLC-␤ 1 binds to phospholipid vesicles. The addition of MARCKS(151-175) should decrease the fluorescence if it displaces PLC from the vesicles.
Measurement of PIP 2 Hydrolysis-PIP 2 hydrolysis in vesicles containing [ 3 H]PIP 2 was initiated by addition of PLC and terminated by addition of 250 l of ice-cold 10% trichloroacetic acid and 25 l of 10% Triton X-100. The samples, which were incubated on ice until a white precipitate formed, were then centrifuged at 12,000 ϫ g for 60 s. The supernatant was removed, mixed with 1 ml of chloroform/methanol (2:1), and the upper phase, which contained the [ 3 H]IP 3 product, was transferred to a scintillation vial for counting. Fig. 1 shows that MARCKS inhibits the production of IP 3 by PLC-␤ 1 in a concentration-dependent manner: 3 M MARCKS produces about a 5-fold inhibition when the lipid concentration is ϳ0.2 mM. The concentration of MARCKS in nerve cells is ϳ10 M (7), and the effective concentration of lipids in the plasma membrane of a 10-m radius cell is ϳ1 mM; thus the lipid/protein ratio in these experiments is comparable with that in an intact cell. Parallel experiments under the same conditions show that a peptide corresponding to the MARCKS basic effector region, MARCKS(151-175) ϭ KKKKKRFSFKKS-FKLSGFSFKKNKK, produces identical inhibition of PLC-␤ 1 (not shown). Fig. 2 shows that the MARCKS(151-175) peptide also produces a concentration-dependent inhibition (decrease in the slope of the lines) of PLC-catalyzed hydrolysis of PIP 2 in lipid vesicles. The concentration of lipid vesicles is 4-fold higher in these experiments, and about a 4-fold higher concentration of peptide is required to produce equivalent inhibition. The percentage of inhibition produced by a given concentration of MARCKS(151-175) peptide (or MARCKS) depends on the surface concentration (i.e. peptide/lipid ratio) rather than the bulk concentration of peptide because most of the peptide is bound to the vesicles (28, 29) . Control experiments (not shown) demonstrate the percentage of inhibition is independent of the concentration of PLC-␤ 1 (0.02-0.2 nM), the order of addition of enzyme and peptide, the free concentration of Ca 2ϩ (0.1-300 M, as determined by a calcium electrode), and the mole fraction of PIP 2 in the vesicles (0.2, 0.5, 1, and 2%). Substituting PE for PC in the LUVs or adding 10% cholesterol did not affect the percentage of inhibition significantly (not shown). MARCKS(151-175) inhibits the hydrolysis of PIP 2 catalyzed by PLC-␦ 1 even more strongly (not shown). In summary, Figs. 1 and 2 show that physiologically relevant concentrations of both MARCKS and its effector region inhibit PLC-catalyzed hydrolysis of PIP 2 significantly.
RESULTS

MARCKS Inhibits the PLC-catalyzed Hydrolysis of PIP 2 -
Activation of PKC or Addition of Ca 2ϩ -Calmodulin Reverses the Inhibition of PLC by MARCKS(151-175)-The inhibition of PLC-catalyzed hydrolysis of PIP 2 by MARCKS(151-175) can be reversed rapidly by procedures that desorb this peptide or the native MARCKS protein from membranes ( Fig. 3) .
MARCKS(151-175) contains the only serines in MARCKS that are phosphorylated by PKC (30); phosphorylation introduces negative charges (3 phosphates ϭ 6 negative charges) into the peptide, reducing its electrostatic interaction with acidic lipids and producing translocation of the peptide from membrane to solution (13, 28) . Fig. 3A shows activation of PKC by adding ATP at time t ϭ 2 min (arrow) reverses the inhibition produced by MARCKS(151-175); similar results were obtained when ATP was present in the solution and PKC was added at t ϭ 2 min (not shown). Three control experiments not illustrated here support this interpretation. First, when PKC is not present, 100 M ATP affects neither the ability of PLC to hydrolyze PIP 2 in the absence of peptide nor the ability of MARCKS(151-175) to inhibit PLC (i.e. results were equivalent to the filled and open circles, respectively, in Fig. 3A) . Second, when ATP is not present, PKC affects neither the ability of PLC to hydrolyze PIP 2 in the absence of peptide nor the inhibition produced by the peptide. Third, addition of this sample of PKC-␤II alone does not produce significant hydrolysis of PIP 2 (unlike many commercial preparations of PKC, which are contaminated with PLCs).
Calmodulin binds with high (nM) affinity to either MARCKS(151-175) or MARCKS in the presence of calcium (31), displacing both the peptide (28) and the protein (11) from phospholipid vesicles or cell membranes (12) . Fig. 3B shows that increasing the level of Ca 2ϩ -calmodulin reverses the inhibition of PLC-catalyzed PIP 2 hydrolysis.
A MARCKS Effector Region Peptide Sequesters PIP 2 in Lateral Domains-Our working hypothesis is that MARCKS inhibits the enzyme-catalyzed hydrolysis of PIP 2 by sequestering PIP 2 but not PLC in lateral domains (see Fig. 5B ). Earlier fluorescence microscopy observations (19) on phospholipid vesicles (see also Fig. 4D ) showed that a peptide corresponding to the basic effector region of MARCKS produces lateral domains enriched in the monovalent acidic lipid PS. Our new measurements show a polyvalent acidic lipid, NBD-labeled PIP 2 , also is sequestered in these domains (Fig. 4B ), but acrylodan-labeled PLC-␤ 1 is not (Fig. 4F ). Thus domain formation isolates PLC-␤ 1 from its substrate PIP 2 .
In the absence of peptides or proteins, the acidic lipids PS ( Fig. 4C ) and PIP 2 (Fig. 4A ) are distributed uniformly in a phospholipid vesicle; both mixing entropy and electrostatic free energy terms contribute to this random distribution. The energetic factors that allow basic peptides to produce domains enriched in these lipids (e.g. Fig. 4, B and D) have not been fully identified. These factors will be difficult to unravel with MARCKS(151-175), because it adsorbs to membranes in a complicated manner that involves both electrostatic and hydrophobic interactions, as discussed below. Lys 5 , however, a peptide corresponding to the first five residues of MARCKS(151-175), also forms domains with acidic lipids (not shown). Lys 5 adsorbs to phospholipid vesicles mainly through electrostatic interactions (16) , which suggests that electrostatic interactions alone are sufficient to induce domain formation. As predicted by simple electrostatic models, other polyvalent basic ligands (e.g. tetravalent spermine) produce lateral domains enriched in PS in phospholipid vesicles (not shown). A corollary of our working hypothesis is that Lys 5 and spermine also should inhibit PLCs. They do; both Lys 5 and spermine inhibit the activity of PLC-␤ 1 and -␦ 1 significantly (ϳ10-fold) at concentrations (ϳ1 mM) that induce domains enriched in NBD-PS (data not shown).
Although hydrophobic interactions are not required for domain formation, two experiments show that these interactions contribute to the membrane binding of MARCKS(151-175). First, elegant spin label experiments suggest the five Phe groups in the peptide insert into the bilayer when it binds to a phospholipid vesicle (29) . Our monolayer results support this suggestion; the addition of MARCKS(151-175) to the subphase below a 2:1 PC:PS monolayer increases the surface pressure at constant area (or increases the area when the surface pressure is maintained constant with a feedback device), providing direct evidence that the MARCKS(151-175) peptide penetrates the monolayer. For example, when the monolayer is formed from a 2:1 PC/PS mixture above a subphase containing 100 mM KCl, 1 mM MOPS, pH 7, the addition of 4 ϫ 10 Ϫ7 M MARCKS(151-175) increases the area by 11, 6, and 4% when the surface pressure is 20, 25, and 30 mN/m, respectively (not shown). If the absorption of MARCKS(151-175) is proportional to exp(ϪA/kT), where is the surface pressure, A is the cross-sectional area of the penetrating molecule, k is Boltzmann's constant, and T is temperature (26) , then these data suggest A ϭ 40 Å 2 . Even larger increases in area are observed with 1:1:1 PC/PE/PS monolayers (not shown).
Control experiments support our working hypothesis that MARCKS(151-175) inhibits the enzyme-catalyzed hydrolysis of PIP 2 by sequestering PIP 2 but not PLC in lateral domains. Although we have direct experimental evidence that MARCKS(151-175) concentrates PIP 2 in domains that do not sequester PLC (Fig. 4B) , these experiments do not prove that domain formation inhibits PIP 2 hydrolysis directly ( Fig. 3) . For example, basic peptides also displace PLC-␤ 1 and -␦ 1 from membranes (not shown), and this must contribute to the inhibition. The displacement is consistent with the structure of PLC-␦ 1 (32, 33) , the mechanism by which it binds to membranes (34 -36) , and the influence of electrostatic surface potentials on its membrane binding (27) . Under physiologically relevant conditions, however, displacement of PLC-␤ 1 does not contribute significantly to the inhibition we observe. Specifically, the addition of 10 M MARCKS(151-175) to LUVs (PC/ PE/PS (1:1:1) ϩ 1% PIP 2 , 100 mM salt, total lipid ϭ 1 mM) displaces Ͻ50% of the bound PLC-␤ 1 (not shown) but inhibits PLC-catalyzed PIP 2 hydrolysis about 5-fold (e.g. Fig. 2 ). We measured the displacement of PLC-␤ 1 in two different ways. First, we measured the enhanced fluorescence of acrylodanlabeled PLC-␤ 1 when it binds to these membranes and showed that the addition of 10 M MARCKS(151-175) did not decrease this fluorescence significantly. Second, we measured the binding of PLC-␤ 1 to sucrose-loaded vesicles and showed that the addition of 10 M MARCKS(151-175) did not decrease the binding substantially.
We also tested the possibility that MARCKS(151-175) inhibits PLC-␤ 1 by binding directly to the enzyme. We formed membranes from 98% PS and 2% PIP 2 ; the peptide binds strongly to these membranes but obviously cannot produce domains enriched in PS. Binding of the peptide did not inhibit the PLCcatalyzed hydrolysis of PIP 2 in these vesicles, which suggests the peptide does not inhibit PLC by binding directly to it. Finally, we note that simple basic peptides like Lys 5 do not bind with high affinity to PIP 2 (27) , in contrast to neomycin (37) and the PLC-␦ 1 pleckstrin homology domain (34 -36) . Thus, the inhibition of PLC-catalyzed PIP 2 hydrolysis we observe is not due to the formation of high affinity 1:1 peptide-PIP 2 complexes. Fig. 5 summarizes the simplest interpretation of our experimental results. Panel A shows that the acidic lipids PIP 2 and PS are distributed randomly in a phospholipid membrane. Panel B shows that MARCKS or basic peptides form lateral domains enriched in acidic lipids mainly because of nonspecific electrostatic interactions and that the PIP 2 in these domains is not accessible to PLC, reducing the hydrolysis of PIP 2 . Panel C shows that an increase in either PKC activity or the concentration of calcium-calmodulin desorbs the MARCKS peptide from the membrane, which releases PIP 2 , increasing the PLCcatalyzed hydrolysis of PIP 2 .
DISCUSSION
The mechanisms by which MARCKS(151-175) binds to ves- icles and sequesters the acidic lipids PS and PIP 2 in lateral domains are gradually becoming clear. We know the binding of MARCKS(151-175) to phospholipid vesicles depends on at least three factors. First, there is a long range Coulomb attraction between the basic residues in the peptide and the acidic lipids in the membrane. Second, there is a short range electrostatic "Born" or "image charge" repulsion of the positively charged residues on a basic peptide from the low dielectric membrane (16) . Third, there is a short range hydrophobic interaction of the five Phe groups in MARCKS(151-175) with the membrane, as suggested by both spin label experiments (29) and the monolayer results reported here. Although each Phe residue could contribute 2.5 kcal/mol of hydrophobic energy to the membrane interaction (38) , the observation that MARCKS(151-175) does not bind to electrically neutral PC membranes suggests that the Born repulsion is even stronger (28) . The steep sigmoidal dependence of peptide binding on the mole fraction of acidic lipids in the membrane (28) illustrates the primary importance of Coulomb interactions in the membrane binding of MARCKS(151-175).
Our results show both MARCKS(151-175) and the simpler peptide Lys 5 , which does not penetrate the membrane when it binds (16) , sequester acidic lipids in domains and inhibit PLCs. This suggests that electrostatic interactions alone are sufficient to produce domains. A simple model for domain formation is based on the observation that MARCKS(151-175) and Lys 5 bind much more strongly to membranes (and presumably to domains) that contain a high fraction of acidic lipids (16, 28, 39, 40) . Thus formation of a domain enriched in acidic lipids will enhance the binding of these basic peptides, which in turn could stabilize the domains by reducing the net charge of the membrane and decreasing the free energy stored in the electrical double layer.
Can our results with phospholipid vesicles (Figs. 1-5 ) be extrapolated to biological membranes? If the positive feedback mechanism shown in Fig. 5 operates in cells, MARCKS must form lateral domains in the plasma membranes of these cells. MARCKS does form lateral domains in the plasma membrane of macrophages (5) , and recent experiments show these domains are associated with nascent phagosomes (6) . The results reported here suggest that the domains formed by MARCKS in biological membranes should be enriched in PS and PIP 2 and may also sequester a number of other important lipids and proteins. For example, PKC binds to membranes through both a specific interaction with DAG and an electrostatic interaction with acidic lipids (41, 42) ; the latter may involve the cluster of basic residues in the C2 domain (43, 44) . As expected from this electrostatic interaction, Ca 2ϩ -dependent isoforms of PKC are spontaneously sequestered in the domains formed by the MARCKS peptide and acidic lipids in phospholipid vesicles. 4 PKC-␣ also colocalizes with MARCKS in the forming phagosomes of macrophages (6, 45) . Several studies have demonstrated that phorbol ester activation of PKC promotes phagocytosis (45, 46) . Inhibitors of PKC block phagocytosis (45) , and PKC phosphorylation of MARCKS appears to be important for the final fission step in macrophage phagocytosis (6) .
Taken together, these observations suggest that the phenomena we have investigated may be relevant to phagocytosis (for review see Ref. 47) . For example, the positive feedback loop illustrated in Fig. 5 could act in the spatially restricted "neck" region joining a nascent phagosome to the plasma membrane. Specifically, phosphorylation of MARCKS in the nascent phagosome should cause its effector region to desorb from the plasma membrane (10 -12, 28) . Desorption of the effector region will produce two effects. First, desorption will release any PIP 2 sequestered in the forming phagosome, as we have observed with phospholipid vesicles. Second, desorption of the effector region will cause the five Phe residues to move out of the membrane and will transiently decrease the surface pressure in the cytoplasmic monolayer of the phagosome. A small reduction in the surface pressure of a monolayer (e.g. from 25 to 20 mN/m) increases significantly (e.g. 10-fold) the activity of PLC-␤ 1 and other PLCs (26) . Thus, in the neck region PLC activity will be stimulated by both increased availability of substrate and decreased local surface pressure; the consequent increase in hydrolysis of PIP 2 will produce a high local concentration of DAG, a known membrane destabilizing agent, and fusagen (48 -52) . Both the decrease in the surface pressure (53) (54) (55) and the increase in local DAG concentration could contribute to fission of the neck region.
Finally, our demonstration that basic regions on proteins can sequester PIP 2 reversibly in domains may be relevant to several other biologically important phenomena. For example, recent studies have implicated PIP 2 in calcium-mediated exocytosis (56 -59) and in the interaction of cytoskeletal proteins such as profilin with membranes (60 -64).
